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Abstract 

We show that there exist two 27 and one 27 of Eq, net one chiral supermultiplet as zero modes 
localized on the intersecting 5-branes in the Eg x Eg heterotic string theory. A heterotic background 
is constructed by the standard embedding in the smeared solution, and the Dirac equation is 
solved explicitly on this background. It provides, after a compactification of some of the transverse 
dimensions, a Randall-Sundrum II like brane-world set-up in heterotic string theory. 
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In this letter, we construct an intersecting 5-brane solution in the Eg x £"§ heterotic string 
theory by the so-called standard embedding in the known smeared intersecting NS5-brane 
solution of type II theories. We then study the zero modes of the relevant Dirac operator on 
this background and show that there exist three localized chiral zero modes, two of which 
are in the 27 representation of Eq, and one in the 27 representation. They give rise to net 
one 27 of massless chiral fermions in the four- dimensional spacetime. Therefore, this is the 
first example of a brane set-up in heterotic string theory that supports four- dimensional 



chiral matter fermions transforming as an Eq gauge multiplet 

This letter is a concise version of the paper [1| , to which the reader is referred for further 
detail. 

We start with the neutral smeared solution 



3: 



ds"^ = ^ r]ijdx'dx^ + h{x^Y ^ d^^dx^dx" + h{x^) ^ S^i^dx^dx", 

8=0,7,8,9 M=l,2 /i=3,4,5,6 

h' (_ i\x'-\'' 
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where 



if (/i, z/. A) = (2, 3, 4), (2, 5, 6) or their even permutation, 
^^^) if (/i, z/. A) = (2, 4, 3), (2, 6, 5) or their even permutation, (1) 
otherwise, 

h{x^) = ho + ^\x^\. (2) 



All other components of Hmnl vanish, and ^ are real constants. The prime ' denotes the 
differentiation with respect to x^, and \x^\' is therefore a step function. This is a solution 



to equations of motion of the leading-order NSNS-sector 



agrangian in type II theories. 



as shown in Table [11 These branes are delocalized in the ^ and x^ directions. 

Consequently, the solution depends only on x^, and hence the name "smeared solution". 

TABLE I: Dimensions in which the 5-branes stretch. 
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(a) (b) 
FIG. 1: h{x) with ^ < 0. (a) The brane has a positive tension. The string couphng decreases 
hnearly from a positive value Hq, to necessarily cross the axis, where the string couphng becomes 
zero. We identify this point as the "end of the world", (b) By a change of the coordinate the points 
X = ib^ are mapped to z = ±00. The proGle ofh{x{z)) becomes similar to the warp factor of the 
RS 11 model. 

The coefficient ^ in the definition h{x^) is related to the tension of the brane. It turns 
out that the brane tension V is related to ^ as |l| 

e = -«:V4, (3) 

where n is the Newton constant. 

If ^ = 0, the solution is reduced to a flat Minkowski space. If > 0, the brane tension 
is negative. It is doubtful whether such an object may consistently exist in heterotic string 
theory. It is also puzzling that the string coupling becomes stronger as one goes away from 
the branes. Thus, we assume that < 0, then the brane has a positive tension. The string 
coupling h{x^) is now convex upwards in x^, and decreases linearly from a positive value h^, 
to necessarily cross the axis, where the string coupling becomes zero. Beyond that point, 
h{x^) becomes negative (FIG. 1(a)). We identify this point as the "end of the world"; one 
can send this point infinitely far away by the coordinate transformation 

h{x^) 



-sign(x^) log ■ 



ho 



(4) 



where z is the new coordinate (FIG. 1(b)). Then the function h{x^) is expressed simply as 

h = ho e^l'l. (5) 

Apparently, this looks similar to the Randall-Sundrum (RS) II model {gI, but there are 
the following differences: The first is that we have no bulk cosmo logical constant. Secondly, 



as we see in a moment, there exist chiral zero modes on the branes, which are in the 27 
representation of Eq. This is not an assumption but a logical consequence of string theory. 
The final difference is in the warp factor. Unlike the RS models, our four- dimensional metric 
is not warped in the string frame fl2 |. 

We now construct an intersecting solution in the Eg x Eg heterotic string theory by the 
standard embedding, similarly to the symmetric 5-brane j^. The (generalized) spin connec- 
tions 0, ^, Is] of the neutral intersecting background are identified as the gauge connection 
Af = {uj + H)^ The result is 
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where Aj's {i = 1, . . . , 8) are the Gell-Mann matrices and 1 



, S = t(J2 



The explicit expressions of uj± show |l| that both are SU (3) connections. Since we have 
embedded a;+ into the gauge connection A, the Bianchi identity is reduced to dH = 0, and 




FIG. 2: Broken generators which give rise to zero modes. 

the solution ([1]) is consistent with it. An SU{3) piece of the Es{y<Es) gauge connection is 
given a nonzero expectation value. On the other hand, the fact that G SU (3) implies that 
the Killing spinor equations for the gravitino as well as gaugino variations have a common 
single Killing spinor. It can be checked that this also satisfies the equation for the dilatino 
SUSY variation to lowest order. Thus, the background ([1]) together with ([6]) preserve 1/4 
of supersymmetries. 

In the case of a single symmetric 5-brane j^, the connection embedded was in SU{2), 
and the unbroken gauge symmetry was the centralizer Ej. In the present intersecting case, 
the connection embedded into Eg is in SU{3), and therefore the unbroken gauge symmetry 
is Eq. The adjoint representation of Eg is decomposed into 

248 = (78, 1) © (27, 3) © (27, 3) © (1, 8) (7) 

as representations of the subalgebra Eq x SU{3). Since the Eg x Eg gauge field Am has by 
construction a vev in SU{3), the latter three gauge rotations are the moduli (FIG|2l). 

Let us focus on the Eq non-singlet moduli. The spontaneously broken generators in 
(27, 3) © (27, 3) give rise to Nambu-Goldstone bosons, each of which has one bosonic degree 
of freedom. On the other hand, since a D = A, JV = 1 chiral supermultiplet needs two 
bosonic degrees of freedom, the Nambu-Goldstone bosons which transform as 27 and 27 
must be combined to form a single Af = 1 chiral supermultiplet. That is, the Eq non-singlet 
moduli form three chiral supermultiplets in the 27 (or 27, but not both) representation of 

Eq. 

At first sight, one might think that the argument above would be contradictory to the 



well-known fact in Calabi-Yau compactifications that the number of chiral generations are 
determined by the Dirac index, in which the same decomposition ([7]) is used and one triplet 
of zero modes together corresponds to one supermultiplet, and is not counted as three. 
Of course, it is not a contradiction, because what we consider here is not the fermionic 
zero modes of the Dirac operator, but bosonic zero modes of the gauge fields. They are 
not removed by gauge transformations, and necessarily exist to cancel the anomaly inflow 
into each of the two intersecting 5-branes Each of small gauge rotation generators 
in (27,3) © (27,3) © (1,8) is an independent generator and gives rise to an independent 
zero mode. We also recall that exactly the same way of counting was done in the parallel 
symmetric 5-brane case, and was indeed consistent with the index analysis [lo| . 

Next we examine the fermionic zero modes. The ten-dimensional heterotic gaugino equa- 
tions of motion reads 

p{uj - ^H, A)x - r^^x^M^ + ^r*^7^^(FAB + FAB){i^M + ItmX) = 0, (8) 

where 

D{u; - ^H, A)x = (^Om + ^(o;,/'' - Ih,,^'')Tab + adA,,) X- (9) 

X is in the adjoint 248 representation of Eg, and adAjif ■ X = [Am,x]- If "we set ipM = 0, 
A = and x = ^~'^X: then the equation is simplified to 

p{u-^H,A)x = 0. (10) 

Since there are no nontrivial backgrounds for the four- dimensional z = 0, 7, 8, 9 directions, 

T%x + T^D^iu;-^H,A)x = 0. (11) 

If X = X4-D ® X6D, the second term is regarded as the mass term for the four- dimensional 
spinor X4d- We are interested in the zero modes of this Dirac operator T^^D^{uj — A). 
We fix the S0{6) gamma matrices as 

7l = 0-2 © 1 1, 72 = O"! © (Ti © 1, 
73 = 0-l©0-2®l, 74 = CTl© 0-3^0-1, 

75 = O"! © 0-3 © 0-2, 76 = (Ti © 0-3 © 0-3. (12) 

The six- dimensional chiral operator is 7(( = —^7172 ■ ■ ■ 75 = © 1 © 1. For S0{9, 1) gamma 
matrices, we take = 74^ © Ig (a = 0, 7, 8, 9), F° = 7^^ © 70 (a = 1, . . . , 6), where 



74d's {O' = 0, 7, 8, 9) are the ordinary S0{3, 1) gamma matrices in the chiral representation. 
The ten-dimensional chirahty is Fn = ® 7tt = (o"3 ® 1) (S) (cts (g) 1 Cg) 1). 
Now we consider the Dirac equation 

T>^D,{cu-^H,A)x = 0. (13) 

The 16-component 50(9, 1) (Majorana-)Weyl spinor x (or x) is decomposed in terms of 
S0{3,1) and S0{6) spinors as 16 = (2+,4+) © (2_,4_), where the subscripts are the 
5*0(3, 1) and 50(6) chirahties, 74^ and 7jj, respectively. Since x is Majorana (but complex 
in this representation), the (2+,4+) and (2_,4_) components are not independent but are 
transformed each other by a charge conjugation. 

As T^Df^{uj — A) is 50(3, 1) diagonal, it is enough to consider 

rD^iuj-^H,A)xeD = 0, (14) 

with the understanding that each component of xgd is accompanied by a two-component 
50(3, 1) Weyl spinor with a correlated chirality {'J^'jId = +1). 

On the other hand, we are interested in the gaugino zero modes in (27, 3) or (27, 3) in 
the decomposition Eg D Eq x SU (3) of 248. The gauge connections Am take only nonzero 
values in the SU{3) subalgebra, and we look for the zero modes xgd transforming as a 
triplet, either 3 or 3, of 5f/(3). 

Since 7"'s are in the form: 

7^ = 

r = (^^^ ^ I (« = 2,...,6), (15) 

and cu^"^, H^'^^ and A^^ all vanish if ju = 1, f|T^ is reduced to two independent differential 
equations 

where Xgd is the upper and lower components having definite chiralities: Xgd 





xto (Xgd) is a 4 5*0 (6) Weyl spinor, and each of the four components is a triplet of 5'f/(3). 
Thus {M~) is a (4 X 3 =) 12-by-12 matrix, given exphcitly by 
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(18) 



where Ag = 3A3 + v^Ag. In identifying the spin connection as an SU{3) gauge connection, 
can either be mapped to i, or to —i, and depending on this choice, the SU{3) 

-'■ I 

gauge connection matrix becomes one in the 3 representation, or in the 3 representation. 

Since Xez) x&d independent, we have only to solve the equation ( fT6l) . and 

the solutions to f|T7|) may then be obtained by a charge conjugation. To solve f|T6l) . we 
diagonalize to obtain its eigenvalues. Let i\ be an eigenvalue of the constant matrix 
(l^-) ^ M"*", and il)\{x^) be the corresponding eigenfunction, then they satisfy 



(19) 



This is solved to give 



ip\{x^) = const. {h{x^)) 



1\\-X 



(20) 



Thus, for each eigenvalue, there exists a zero mode of the Dirac operator. Since ^ is negative 
for positive tension, if A < 1, the mode is localized near = 0, while if A > 1, it is not 
localized, being either non-normalizable or localized rather at "infinity" x^ = =tj^- 
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The hst of eigenvalues of (p-) M"*" is as follows: If s = +i, the eigenvalues are 




(21) 



while if s = —i, they are 
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(22) 



We can clearly see an asymmetry between fl?I]) and (122]) . in particular that the former 
has only one negative (times imaginary unit) eigenvalue, while the latter has two negative 
eigenvalues. Assuming that the branes have positive tension so that the function h{x) has 
the profile shown in FIG. 2, these are the only modes whose profiles have a peak at = or 
2; = in the coordinate (j4]). The same is also true for the original gaugino variable x = hx 
(although the modes with A = +1 then become constant). This result implies that there are 
indeed three localized modes, and two of them are in one (say, (27,3)) representation, and 
the rest belongs to the other ((27, 3)) representation. 
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